Ex ploi ta tion of low and me dium tem per a ture ther mal sources, in par tic u lar those based on bio mass com bus tion and on in dus trial
In tro duc tion
Bio mass to en ergy con ver sion can lead to im por tant ad van tages from both en er getic and en vi ron men tal point of view. In fact, as it is well known, bio mass is a re new able en ergy source (RES), so that, its en ergy us age al lows fos sil fu els re cov ery, and it is a CO 2 -neu tral source of en ergy too. In ad di tion, a fur ther lim i ta tion of pol lut ing emis sions, as ac ids, dust and NO x , can be ob tained if bio mass is used in stead of other solid or liq uid con ven tional fos sil fu els [1] [2] [3] .
Be sides bio mass avail able from ag ri cul ture or for est res i dues and en er getic cultivations, an im por tant source of bio mass can be ob tained from in dus trial waste also. This option is worth to be spe cially con sid ered when var i ous fac tory of the same kind op er ate in side a small area.
As a gen eral rule, bio mass to en ergy con ver sion can lead to ac tual en ergy sav ing and pol lut ing emis sions re duc tion if bio mass sources are con cen trated in a small area, so that a ma jor part of en ergy con sump tion, emis sions and eco nomic costs re lated to col lec tion and trans port can be avoided. This is the case of the Ital ian fur ni ture man u fac tur ing in dus try that is highly con centrated in side few small ar eas, named "in dus trial dis tricts" lo cated in the North-East part of the coun try. Each one of these in dus trial dis trict ac tu ally pro duces a huge amount of waste wood, not suit able for re cy cling in side the fur ni ture pro duc tion pro cess. In most cases waste wood is sim ply burned to ob tain ther mal en ergy, oth er wise it has to be dis posed.
A re search re al ized in It aly by Federlegno-Arredo in 1997 [4] shows that the fur ni ture man u fac tur ing sec tor pro duced 4.7·10 6 t of waste vir gin wood and 1.4·10 6 t of waste pro cessed wood, a half of which is ac tu ally used to pro duce about 0.9·10 6 toe (ton of oil equiv a lent) of thermal en ergy from renevable en ergy sources (RES). This sit u a tion jus ti fies the in ter est in the usage of waste wood for com bined heat and power (CHP) pro duc tion. In fact an ex ten sive us age of co-gen er ated heat is a key point to reach en er getic and eco nomic ben e fit, tak ing ac count of the low elec tri cal en ergy con ver sion ef fi ciency typ i cally af fect ing small bio mass power plants.
The ORC (or ganic Ran kine cy cle) tech nol ogy seams to be very well suited to this kind of ap pli ca tion, al low ing in ter est ing elec tri cal and to tal con ver sion ef fi cien cies to be achieved with small CHP plant too, like those that could be fed with waste wood from one big fac tory only, or from a con sor tium of smaller ones.
ORC tech nol ogy al lows de sign ing power plants that are less de mand ing in terms of aux il ia ries, safety sys tems, main te nance and op er at ing costs when com pared to con ven tional wa ter steam power plants. More over the ORC work ing fluid does not par tic i pate to the com bustion pro cess, but com bus tion (for in stance, of waste wood) oc curs in a sep a rate fur nace (see The ORC tech nol ogy), where foul ing phe nom e non can be con fined and more sim ply man aged. As a con se quence, main te nance and com po nent foul ing prob lems are much less im por tant when com pared to dif fer ent bio mass to en ergy con ver sion sys tems, based on bio mass gasi fi ca tion and in ter nal com bus tion cy cles.
The elec tri cal ef fi ciency of ac tual ORC units, re ferred to bio mass low heat ing value (LHV), is ap prox i mately 15-20%, de pend ing on the bound ary con di tion of CHP sys tem. Anyway, each in stal la tion has to be con sid ered in de pend ently, and the en er getic and eco nomic analy ses have to be care fully tai lored. To sup port the pre lim i nary de sign of new plants in the con sidered in dus trial dis trict, or in dif fer ent con texts, a sim u la tion code of part load and off-de sign op er a tion of an ORC unit for CHP, of about 1000 kW e , has been de vel oped on the ba sis of Aspen-Plus mod u lar sim u la tion soft ware.
In the pa per, tak ing the real sit u a tion of a fur ni ture man u fac tur ing fac tory as a start ing point, it is shown how all en ergy flows oc cur ring all year long in side the CHP plant, can be es timated, hav ing as in put data the ther mal duty time pro file, the avail able bio mass flow rate and the adopted op er a tion strat egy. This in for ma tion is the ba sis in or der to cor rectly eval u ate the en ergetic, eco nomic and en vi ron men tal ad van tages of the pro posed tech ni cal so lu tion, with re spect to a par tic u lar con text, as it is shown in the con clud ing part of the pa per.
A typ i cal fur ni ture man u fac tur ing fac tory
A re cent study or dered by the re gional gov ern ment [5, 6] , fo cus on the waste wood to en ergy op tion for the fur ni ture man u fac tur ing fac to ries, lo cated in side an in dus trial dis trict of regione Friuli Venezia Giulia. That study takes into ac count about 260 fac to ries and in cludes a de tailed anal y sis of en ergy re cov ery op tions for a se lected sub-set of 39 fac to ries. The re sults about fu els uti li sa tion in the ac tual plant con fig u ra tions are shown in fig. 1 . Note that 43% of con sid ered fac to ries use bio mass (waste wood) as a fuel for their ther mal plants. This per cent age grows up to 80% when big ger fac to ries only (with 60 work ers, or more) are taken into ac count, so that the lat ter have to be re garded as the first can di dates for adopt ing a waste wood to energy co-gen er a tion sys tem.
Max imal elec tri cal and ther mal de mands for fac to ries of this kind are shown in fig. 2 . Note that the for mer is be low 2000 kW e , while the lat ter can reach a value of 8000 kW t , with an elec tri cal-to-ther mal power ra tio in the range 0.15-0.40.
In the pres ent pa per a fac tory has been selected as a "typ i cal fur ni ture man u fac tur ing fac tory" of the dis trict, than the en er getic, economic, and en vi ron men tal ad van tages of the sug gested CHP tech nol ogy have been eval uated in dif fer ent op er at ing con di tions by means of the ORC unit sim u la tion code. The rea sons of the choice can be found es sen tially in the high ther mal en ergy de mand, smaller but not neg li gi ble in sum mer time also due to press ing and paint ing phase of the in dus trial man u fac tur ing pro cess, and in the high west wood avail abil ity, such that an ex cess of waste wood is ac tu ally sold to the mar ket.
The pres ent ther mal plant of the se lected "typ i cal fur ni ture man u fac tur ing fac tory" ( fig.  3 ) con sists of two waste wood boil ers in par allel, hav ing a nom i nal out put power equal to 2.5 and 4.7 MW t , re spec tively, the high and low tem per a ture col lec tors and a cou ple of boiler feed pumps. Nat u ral gas also can be used in both boil ers, as in te gra tion fuel.
Super heated wa ter (7-8 bar) in side the high tem per a ture col lec tor is shared out among all ther mal us ers through 9 pumps in par al lel. In dus trial presses need super heated wa ter at a tem per a ture not be low 110 °C, so that a typ i cal tem per a ture in side the high tem per a ture col lector is about 115 °C. Note that super heated wa ter at this tem per a ture is sent to all other us ers too, even if this is not strictly nec es sary. In or der to avoid im por tant lay out mod i fi ca tion of the thermal plant, co-gen er ated heat also will have to be gen er ated at such a tem per a ture, that is higher than nom i nal de sign tem per a ture for CHP ORC units, where the ther mal vec tor en ter the condenser at about 60 °C and is heated up to about 80 °C.
The first step in or der to eval u ate the en er getic, eco nomic, and en vi ron men tal ad vantages of the sug gested CHP tech nol ogy has been an en ergy au dit of pres ent elec tri cal and thermal consumptions. Tak ing into ac count the pe ri od i cal op er a tion course in this kind of man u factur ing, the whole year has been mod eled through three typ i cal days: -a typical winter day (104 days/year), when the factory operates 15 hours per day and the space heating system is always on, -a typical spring-autumn day (45 days/year), when the factory operates 12 hours per day and the space heating system is on 6 hours per day only, and -a typical summer day (100 days/year), when the factory operates 8 hours per day and the space heating system is always off, so that the industrial process only consumes heat. The re sults of elec tri cal and ther mal en ergy au dit are shown in figs. 4 and 5.
The sim pli fied year model, based on three typ i cal days only, has been val i dated by compar ing the ac tual en ergy con sump tion of the fac tory in the last years, and the ones re sult ing from the sim pli fied model, ob tain ing a dif fer ence smaller than 1.5%. These re sults sup port the op tion of evalu at ing en er getic, eco nomic, and en vi ron men tal ad van tages of the west wood to en ergy tech nol ogy on the ba sis of the sim pli fied year model. Nev er the less the sug gested meth od ol ogy would not change if a grater num ber of typ i cal days had to be in tro duced, ac cord ingly with en ergy us ers' charac ter is tics.
The ORC tech nol ogy
The ORC tech nol ogy is well known in the field of geo ther mal en ergy con ver sion [7, 8] . In re cent years, some small size CHP units came to the mar ket [9] [10] [11] and now a days var i ous ap plica tions can be found, mainly in bio mass to en ergy co-gen er a tion plants [12] [13] [14] [15] . A plant of this kind is shown in fig. 6 . Diathermic oil at a tem per a ture of about 300 °C is pro duced by the bio mass fur nace and sent to the sat u rated vapour gen er a tor (evap o ra tor), in side the ORC unit.
As in con ven tional steam Ran kine cy cles, the evap o rated work ing fluid ex pands in the tur bine, pro duc ing use ful work and than elec tri cal en ergy through an asyn chron ous gen er a tor. At tur bine exit the work ing fluid is still in a state of super heated vapour, so that it can be cooled in side a heat exchanger (the recuperator) and than con densed. The con denser cool ing cir cuit sup plies the ther mal us ers with the co-gen er ated heat.
A pos si ble cy cle pat tern in the T-s plane is shown in fig. 7 . Or ganic flu ids (pure, or in a mix ture) are used in stead of steam in this kind of cy cle and dry flu ids (i. e. flu ids with a pos i tive slope of the vapour sat u ra tion curve in the T-s di a gram) are pre ferred, be cause they re sults much more well suited for low tem per a ture heat sources ex ploi ta tion. Note that a fully dry ex pan sion is pos si ble from sat u rated va por con di tion also (point 4) and that a strong in ter nal re gen er a tion ef fect is ob tained, like it hap pens in re cu per ated gas tur bine. The unit's con trol sys tem is sup posed to op er ate the extrac tion pump at dif fer ent speeds, in or der to mod ify the work ing fluid mass flow rate ac cord ingly with the mass flow rate of hot ther mal oil en ter ing the unit. The main tech ni cal fea tures of ORC units can be sum marized as [14] : -fairly good efficiency and high total efficiency in CHP operation, at part load too, -high turbine isentropic efficiency (up to 85%), -low mechanical stress in the turbine, because of the low peripheral speed, -electric generator directly driven by the turbine, without the need of a gear box, -negligible blade erosion, as a consequence of completely dry expansion, -working fluids not damaging pipes, valves and blades, allowing a long life of the unit, and -water treatment system not required.
The sim plic ity of start-stop and load mod u la tion pro ce dures, the low noise op er a tion, and the re duced main te nance needs have to be re garded as fur ther ad van tages of this kind of units.
An al ter na tive bio mass to en ergy tech nol ogy could be found in bio mass gasi fi ca tion and syngas uti li sa tion in an in ter nal com bus tion en gine. This op tion seams to be prom is ing in view of ob tain ing a higher elec tri cal ef fi ciency, but prob lems in the syngas clean ing pro cess are still not com pletely over come, af fect ing long run op er a tions and main te nance costs.
ORC units now avail able on the mar ket are the re sult of a strong stan dard iza tion and cost re duc tion pro cess; they have an elec tri cal nom i nal power in the range 500-1500 kW e and a nom i nal ther mal power in the cor re spond ing range 2300-7000 kW t [16] . Plants of these sizes are ex pected to op er ate in a re mote con trolled mode, with out the need of a su per vi sor al ways present be side the plant.
Tak ing into ac count the fur ni ture man u fac tur ing dis trict pre vi ously in tro duced, 30 facto ries were found match ing with ther mal and elec tri cal out put of mar ket avail able ORC units, but the sug gested tech nol ogy could be ap plied to smaller fac to ries too, by group ing them in consor tium.
The sug gested so lu tion
The eas ier op tion for in tro duc ing an ORC unit in side the se lected fac tory is con vert ing the pres sur ized wa ter boil ers into ther mal oil ones and putt ing the ORC unit be tween boil ers and col lec tors ( fig. 8) . The ORC unit can be re garded as a heat exchanger block, re ceiv ing the hot ther mal oil from the boil ers and the wa ter com ing back from ther mal us ers. The en er getic, eco nomic, and en vi ron men tal ad van tages of in tro duc ing the CHP unit in side the se lected fac tory have been eval u ated for each typ i cal day by means of a sim u la tion code, based on As pen Plus ® mod u lar sim u la tion soft ware. In fact As pen Plus ® con tains a wide li brary of work ing flu ids thermo-chem i cal prop er ties and it al lows cus tom ized mod ules to be eas ily de fined, where sub rou tine ad hoc can be even tu ally in tro duced, to take part load per formance into ac count. In view of the ob jects of the work, the model fo cus on nom i nal and part load ther mo dy namic cy cle per for mance, ne glect ing a de tailed anal y sis of com po nent ge om e try [6] . The model sim u lates an ORC unit hav ing the fol low ing de sign pa ram e ters: va por iza tion temper a ture 250 °C (va por iza tion pres sure 762.81 kPa), con den sa tion tem per a ture 90 °C (con densa tion pres sure 14.25 kPa), elec tri cal out put 1000 kW e , and ther mal out put 5600 kW t .
The sim u la tions takes into ac count the ac tual op er at ing con di tions mon i tored on the plant for high and low ther mal col lec tors, so that the elec tri cal ef fi ciency of the unit is nec es sarily af fected by the high tem per a ture of the wa ter com ing back from ther mal us ers, that is the cool ing fluid of the Ran kine cy cle con denser. Thus, the ORC group has al ways to work in off de sign con di tions in the case study. Due to the high tem per a ture of the wa ter com ing back from ther mal us ers (about 100 °C), the con den sa tion tem per a ture can not be low ered un der 110 °C, cor re spond ing to a con den sa tion pres sure equal to 35 kPa. Fur ther con stant pa ram e ters are used in the sim u la tions. Their proper val ues, sug gested by ORC unit man u fac tur ers, are shown in the fol low ing: -thermal oil inlet temperature: 300 °C, -water pressure: 3 bar, -feed pump isentropic efficiency: 0.75, -feed pump mechanical efficiency: 0.95, -feed pump motor efficiency: 0.95, -turbine mechanical efficiency: 0.95, and -electric generator efficiency: 0.97.
Tak ing all these hy poth e sis into ac count, the sim u la tion model de grees of free dom are re duced to two only, so that each per for mance fig ure can be fully de scribed by means of a paramet ric curves fam ily in a two-di men sion di a gram.
Work ing fluid thermophysical prop er ties di rectly af fect ORC pat tern and unit's ef ficiency, as it can be eas ily in ferred. In the sim u la tion model octamethyltrisiloxane (short name MDM, for mula C 8 H 24 Si 3 O 2 ) has been used as work ing fluid, ac cord ingly with lit er a ture [17, 18] and man u fac tur ers' sug ges tions [16] , be cause of its low tox ic ity and flammability and be cause of its high thermo-chem i cal sta bil ity in the re quired tem per a ture range.
Tak ing the elec tri cal and ther mal de mand courses into ac count, a heu ris tic op er a tion strat egy of the ORC unit has bee adopted. In de tails, the ther mal de mand is fol lowed if it is higher than the min i mum ther mal load of the unit; oth er wise min i mum pos si ble heat dis si pa tion is per mit ted only if industrial presses are in op er a tion. If they are not the CHP unit is turned off and the small re main ing ther mal de mand is met with an in te gra tion boiler. In this way the CHP unit op er ates much more time with re spect to the sim ple strat egy of al ways fol lowing ther mal de mand, ob tain ing a higher elec tri cal pro duc tion along the year; at the same time, ther mal dis sipa tion is not so big as it could be if fol low ing elec tri cal de mand strat egy were adopted.
ORC unit en er getic per for mance
In fig. 9 ther mal and elec tric power ob tained from the ORC unit in dif fer ent op er at ing con di tions are shown. Con den sa tion pres sure val ues re sult higher than nom i nal one in con sequence of higher tem per a ture of in put wa ter in the con denser. The min i mum ther mal out put re - sults to be about 2730 kW t , at the higher con den sa tion pres sure (65 kPa), whereas elec tri cal power is about 230 kW e . By com par ing these val ues with ther mal de mand in fig. 5 , the need for ther mal dis si pa tion in the af ter noon of the mid dle-sea son day and for al most all the sum mer day long, can be eas ily in ferred. In figs. 10 and 11 the elec tric to ther mal power ra tio and the elec tric ef fi ciency are shown, re spec tively, as a func tion of in put ther mal power from the boiler, hav ing con den sa tion pres sure as a pa ram e ter. It can be eas ily in ferred from these figs. that op er at ing the ORC unit at the min i mum con den sa tion pres sure (35 kPa), im plies the ad van tage of a higher elec tri cal pro duc tion, what ever the load is, with the ac cept able dis ad van tage of a slight in crease in the min i mum ther mal load and con se quently in the dissipated heat too.
At least from the eco nomic point of view, ben e fits are ex pected to over come, tak ing ac count of high waste wood avail abil ity (greater than 5500 t per year) and its low mar ket price (0.1 €/t). Thus, min i mum con den sa tion pres sure op er a tion has been in tro duced in the sim u la tion model. Fig ures 12 and 13 show wa ter mass flow rate and de liv ery tem per a ture as a func tion of in put ther mal power, hav ing con den sa tion pres sure as a pa ram e ter. Keep ing the hy poth e sis of op er at ing at min i mum pres sure, wa ter mass flow rate re sults to be suf fi cient for max i mum ther mal us ers' re quire ments (180 kg/s). In these con di tions, the ORC unit can pro duce up to 5700 kW t , that are very close to the max i mum ther mal de mand (see fig. 5 ). Fur ther more, the de liv ery wa ter tem per a ture re sults to be al ways suit able for the in dus trial ther mal re quest, which is in the range 114-116 °C.
En er getic eco nomic and en vi ron men tal ad van tages
Tak ing pre vi ous hy poth e sis into ac count, the sim u la tion model has been used to eval uate the elec tri cal pro duc tion of ORC unit in each typ i cal day. The re sults are com pared with the elec tri cal de mand in figs. 14, 15, and 16, show ing that the CHP unit al lows a sig nif i cant elec trical en ergy sav ing and also a sur plus which is sold to the grid. In the sum mer day the low ther mal de mand im plies a small elec tri cal pro duc tion too (less than 450 kW e ), in spite of ther mal dis si pation. The sim u la tion model al lows ther mal pro duc tion, dis si pated heat and CO 2 emis sions to be ob tained as well, so that the to tal year amounts can be eas ily cal cu lated. The re sults are shown in tabs. 1, 2, and 3. The adopted op er a tion strat egy al lows the CHP unit to com ply with ther mal demand in win ter and spring-au tumn days and to be in op er at ing sev eral ours long in the sum mer day too, so that co-gen er ated heat sat is fies more than 98% of year ther mal de mand and ther mal dis si pa tion is only 16.6% of co-gen er ated heat. Re al iz ing the waste wood to en ergy CHP sys tem al lows self pro duc tion to sat isfy about 41% of elec tri cal en ergy de mand and to ob tain more than 4000 t per year of CO 2 avoided emis sions.
The eco nomic fea si bil ity of the sug gested so lu tion can now be eval u ated on the ba sis of pre vi ously ob tained en ergy flows, tak ing ac tual mar ket price of gas elec tric ity [19] and waste wood into ac count (and their courses intra day and all year long), as well as ad di tional main tenance costs of the ORC unit. Fur ther main eco nomic pa ram e ters in tro duced in the anal y sis are the cap i tal cost of the in vest ment (1300000 €), the dis count rate (5%), and the plant re sid ual value (zero). An ad di tional in come, equal to 0.0824 €/kWh has been in tro duced as a pub lic economic sup port to re new able elec tri cal en ergy pro duc tion, named in It aly "Certificati verdi" (Green cards) [20] . A con stant value of the re verse meter ing fac tor (i. e. the sell ing to pur chase ra tio of elec tri cal en ergy) equal to 0.60 has been con sid ered in the eco nomic eval u a tion. Ex tend ing the fol low ing con sid er ations to dif fer ent coun tries, all these pa ram e ters would have to be updated, ac cord ingly with the ac tual context. Fig ure 17 shows the net pres ent value (NPV) of the in vest ment in a time in ter val equal to the as sumed life time (20 years). Note that pos i tive cash flows are gen er ated also af ter the 8 th year, when the pub lic eco nomic sup port is sup posed to be cut off. The pay back time is less than 5 year, much less than the plant fife time. The in ter nal rate of re turn re sults grater than 22% and the NPV for 20 years of op er a tion is eval u ated as 1800000 €.
A more pre cise eco nomic eval u a tion could be re al ized, tak ing ac count of de tailed capi tal cost for ORC unit in te gra tion in side the ther mal plant, and of ac tual en ergy pur chase agreements and coun try reg u la tions. On the other hand, also an ex tremely de tailed eco nomic anal y sis would be af fected by in trin sic ap prox i ma tions, re lated with at mo spheric con di tions all year long, or with the long time courses of elec tric ity and nat u ral gas.
Con clu sions
The adop tion of the ORC unit in a typ i cal fac tory of the fur ni ture man u fac tur ing district re sults to be of cer tain in ter est, in par tic u lar if it is com pared with other RES con ver sion tech nol ogy. This is in spite of its elec tri cal ef fi ciency, which is not very high be cause of tech nical choices (in par tic u lar the use of ther mal oil, lim it ing the max i mum cy cle tem per a ture) and of spe cific op er at ing con di tions (in par tic u lar the re quired out put wa ter tem per a ture, higher than in the nom i nal de sign con di tion). The ex pected en er getic, eco nomic, and en vi ron men tal ad vantages of in tro duc ing the ORC unit in side the cho sen fur ni ture man u fac tur ing fac tory are: (1) the co-gen er ated heat sat is fies more than 98% of ther mal de mand and self pro duced elec tri cal energy sat is fies about 41% of elec tri cal de mand, (2) more than 4000 t per year of CO 2 emis sions are avoided and more than 1500 toe per year of fos sil fu els are saved, and (3) the cap i tal in vestment pay back time is less than 5 year, tak ing ac count of pub lic eco nomic sup port to re new able elec tri cal en ergy pro duc tion, jus ti fy ing a fur ther eco nomic anal y sis of this and of other anal ogous pos si ble ap pli ca tions of ORC units.
If 11% only of pres ent ther mal pro duc tion from waste wood in the Ital ian fur ni ture man u fac tur ing in dus try were ob tained through this CHP tech nol ogy, pre vi ous fig ures would have to be mul ti plied by 100. The ex pec ta tion is that even better per for mance would be ob tained if the ORC units were lo cated in ar eas with larger win ter ther mal needs. 
